Notch signaling is an evolutionarily conserved pathway that plays a central role in numerous developmental and disease processes. The versatility of the Notch pathway relies on the activity of context-dependent regulators. These include rab11, sec15, arp3 and Drosophila EHBP1 (dEHBP1), which control Notch signaling and cell fate acquisition in asymmetrically dividing mechanosensory lineages by regulating the trafficking of the ligand Delta. Here, we show that dEHBP1 also controls the specification of R8 photoreceptors, as its loss results in the emergence of supernumerary R8 photoreceptors. Given the requirements for Notch signaling during lateral inhibition, we propose that dEHBP1 regulates distinct aspects of Notch signaling in different developmental contexts. We show that dEHBP1 regulates the exocytosis of Scabrous, a positive regulator of Notch signaling. In conclusion, dEHBP1 provides developmental versatility of intercellular signaling by regulating the trafficking of distinct Notch signaling components.
Introduction
Notch signaling is an evolutionarily conserved pathway that is involved in numerous processes during development and adult tissue homeostasis (Artavanis-Tsakonas and Muskavitch, 2010; Kopan and Ilagan, 2009 ). The pathway is often used reiteratively in different contexts, suggesting a very tight regulation of its signaling output. Hence, dysfunction of Notch signaling leads to multiple diseases (Louvi and Artavanis-Tsakonas, 2012) .
Although the core of the Notch transduction pathway is similar, if not identical, in most Notch-dependent processes, the players that often fine-tune the pathway are distinct in different developmental contexts (Bray, 1998; Bray, 2006) . The identification of context dependent regulators provides valuable insights into how Notch signaling is implemented at the molecular and cell biological level. Furthermore, the identification and characterization of context dependent regulators of Notch signaling should enable the design of more specific and efficient therapeutic strategies (Yamamoto et al., 2010) .
We have recently reported that dEHBP1 regulates Notch signaling in asymmetrically dividing external sensory organ lineages (ESO) (Giagtzoglou et al., 2012) . In this context, dEHBP1 controls the abundance of Sanpodo (Spdo), a regulator of Notch signaling (Couturier et al., 2012; Dye et al., 1998; O'Connor-Giles and Skeath, 2003; Skeath and Doe, 1998) , as well as the intracellular trafficking of Delta (Dl), which is the ligand of the Notch receptor (Kimble and Simpson, 1997) . Interestingly, dEHBP1 physically interacts with both the recycling endosome Rab11 GTPase and its effector, Sec15 (Giagtzoglou et al., 2012) . Moreover, Rab11 and Sec15 physically interact (Wu et al., 2005) and regulate Dl trafficking (Emery et al., 2005; Jafar-Nejad et al., 2005) towards the apical portion of the actin-rich structure (ARS), which is the actin-rich plasma membrane microdomain at the interface of the pIIa/pIIb progeny in the ESO lineage, promoted by the activity of the WASP-Arp2/3 actin regulatory complex (Rajan et al., 2009) . Hence, the identification of dEHBP1 as a regulator of Notch signaling raises additional questions: Is dEHBP1 a component of Notch signaling in other developmental contexts? If dEHBP1 is required for Notch signaling in other tissues, does dEHBP1 function by regulating intracellular trafficking of Spdo and Dl?
To address these questions, we assessed the role of dEHBP1 in Notch signaling in the developing Drosophila eye. The adult Drosophila eye is comprised of a highly specialized lattice of ,800 ommatidia (reviewed by Kumar, 2012; Tsachaki and Sprecher, 2012) . Each ommatidium contains eight photoreceptors, R1-R8, that emerge sequentially from undifferentiated imaginal tissue in a tightly regulated manner. The R8 photoreceptors are the first to be specified. Each R8 photoreceptor is singled out via Notchsignaling-mediated lateral inhibition from a group of developmentally equivalent cells, which all initially express the proneural basic helix-loop-helix (bHLH) transcription factor Atonal (Ato) (Jarman et al., 1994) followed by the Zn-finger transcription factor Senseless (Sens) (Frankfort et al., 2001; Nolo et al., 2000) .
The efficacy of lateral inhibition in the eye relies on the activity of Scabrous (Sca), a secreted glycoprotein that is expressed in a subset of Ato-expressing cells and is later restricted to the R8 photoreceptors ; Lee et al., Mlodzik et al., 1990) . Sca is secreted and functions nonautonomously in the surrounding cells . Sca binds to and stabilizes the Notch receptor at the cell surface (Powell et al., 2001) . Sca is then endocytosed by the cells in the vicinity of R8, where it may activate the Notch receptor or protect it from degradation and/or inactivation (Li et al., 2003) .
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Here, we report that dEHBP1 is a context dependent regulator of Notch signaling. While dEHBP1 regulates Notch signaling in the asymmetrically dividing mechanoreceptors via Dl and Spdo (Giagtzoglou et al., 2012) , dEHBP1 controls Notch signaling during lateral inhibition in the developing eye via intracellular trafficking and exocytosis of Scabrous, a protein required for lateral inhibition. Our findings emphasize that regulators of intracellular trafficking like dEHBP1 modulate the output of distinct developmental modes of Notch signaling by controlling the intracellular trafficking of different components of the pathway.
Results
dEHBP1 affects eye development dEHBP1 controls Notch signaling during the development of ESO lineages where it controls the abundance and subcellular localization of Sanpodo (Spdo) and Delta (Dl) (Giagtzoglou et al., 2012) . To explore whether dEHBP1 regulates Notch signaling in developmental processes other than the asymmetric divisions of the mechanosensory bristle lineages, we generated homozygous mutant clones of loss of function alleles of dEHBP1 in several tissues that depend on Notch signaling for their proper development, using the FLP/FRT technique (Xu and Rubin, 1993) .
We first assessed whether the loss of dEHBP1 affects the formation of the wing margin. The wing margin is specified via Notch-mediated inductive signaling at the dorsal-ventral (DV) boundary of larval wing imaginal discs, where Cut is expressed (de Celis and Bray, 1997; de Celis et al., 1996; Micchelli et al., 1997; Neumann and Cohen, 1996) . We did not observe defects in dEHBP1 mutant clones, judged by the expression of Cut (supplementary material Fig. S1 ). Next, as Notch has been shown to regulate the expression of Hindsight (Hnt) and Cut in follicle cells during oogenesis (Sun and Deng, 2005; Sun and Deng, 2007) , we assessed the expression of Hnt and Cut in somatic follicle cells upon the loss of dEHBP1 in either follicle or germ cells, using MARCM analysis (Lee and Luo, 1999) . As shown in supplementary material Fig. S1 , loss of dEHBP1 does not affect the expression of Hnt and Cut. Hence, the data suggest that dEHBP1 is a context dependent regulator of Notch signaling.
In contrast to the lack of obvious defects in the wing and the ovary, loss of dEHBP1 in eye clones using the eyFLP causes rough adult eyes. Scanning Electron Microscopy of an eye that is almost entirely mutant for dEHBP1 (see Materials and Methods) revealed a severe loss of mechanosensory bristles, as expected, and irregularly shaped and fused ommatidia (Fig. 1A,B,D,E) . Furthermore, sections of adult retinas show that dEHBP1 mutant ommatidia contain aberrant numbers of photoreceptors (Fig. 1F , arrows) as well as fused rhabdomeres (Fig. 1F, arrowheads) and exhibit an overall abnormal patterning (Fig. 1C,F) . In summary, in addition to defects in mechanosensory bristle development, loss of dEHBP1 affects multiple aspects of eye development.
Lateral inhibition is impaired in the absence of dEHBP1
During the development of the eye imaginal disc, Notch signaling is reiteratively utilized to regulate multiple processes, including the initiation and progression of the morphogenetic furrow, proneural enhancement, lateral inhibition, cell fate determination, cell proliferation, and apoptosis (Baker, 2007; Carthew, 2007; Roignant and Treisman, 2009; Sundaram, 2005) . Lateral inhibition by Notch signaling mediates the singling out of R8 photoreceptors from developmentally equipotent groups of Ato positive cells (Baker, 2007; Carthew, 2007; Frankfort and Mardon, 2002) . Early R8 photoreceptor cells express Ato and Sens (Frankfort et al., 2001; Jarman et al., 1994; Nolo et al., 2000) . In the absence of dEHBP1, we observe supernumerary R8 photoreceptors in mutant clones ( Fig. 2A-F) . Note that the stripe of proneural expression of Ato at the morphogenetic furrow remains unaffected in the absence of dEHBP1 ( Fig. 2A-C) , indicating that dEHBP1 is dispensable for the process of proneural enhancement at the morphogenetic furrow, which has also been shown to be mediated by Notch signaling (Li and Baker, 2001) .
The emergence of additional R8 photoreceptors in dEHBP1 homozygous mutant cells is weaker than what is observed upon loss of neuralized (Fig. 2G-I ), an E3 ubiquitin ligase that is necessary for the internalization of the ligand Dl and its ability to signal to the Notch receptor (Lai et al., 2001; Lai and Rubin, 2001a; Lai and Rubin, 2001b; Le Borgne and Schweisguth, 2003; Li and Baker, 2001; Pavlopoulos et al., 2001 ). On the basis of this observation, we determined whether signaling pathways other than Notch may contribute to the development of supernumerary R8 photoreceptors based on known mutants, including loss of Ecadherin (Mirkovic and Mlodzik, 2006) , loss of Rough (Pepple et al., 2008) or aberrant EGFR signaling (Rawlins et al., 2003; Spencer and Cagan, 2003) . However, expression of E-cadherin, Rough, as well as dpERK and pointed-LacZ are not altered in dEHBP1 mutant clones (supplementary material Fig. S2 ). Hence, the supernumerary R8 cells caused by loss of dEHBP1 function are most likely due to a defect in some aspect of Notch signaling.
Scabrous fails to be secreted in the absence of dEHBP1
To test which component of the Notch signaling pathway is affected in dEHBP1 mutant cells, we first assessed the abundance and distribution of the Notch receptor, the Dl ligand and the E(spl) trancription factors, targets of Notch signaling during lateral inhibition (Bailey and Posakony, 1995; Delidakis and Artavanis-Tsakonas, 1992; Jennings et al., 1994; Lecourtois and Schweisguth, 1995) . As shown in Fig. 3A -L, the expression levels and subcellular localization of Notch, E(spl) and Dl remain unaffected in dEHBP1 mutant clones (Fig. 3A-L) .
Previously, we found a striking defect in the dynamic intracellular trafficking of Dl in dEHBP1 mutant cells while standard immunofluorescence techniques failed to reveal obvious defects in asymmetrically dividing thoracic mechanosensory lineages (Giagtzoglou et al., 2012) . To assess if trafficking of Dl is impaired, we performed endocytosis assays of Delta (Le Borgne et al., 2005) in the developing eye. Again, endocytosis of Dl appears to be normal in the absence of dEHBP1 (Fig. 3M-O ), suggesting that dEHBP1 affects different components of Notch signaling in different cells (Giagtzoglou et al., 2012) .
The lateral inhibition defects associated with the loss of dEHBP1 in the developing eyes is also reminiscent of the phenotype associated with the loss of scabrous (sca), a regulator of Notch signaling Mlodzik et al., 1990) . Immunostaining with an anti-Sca antibody in dEHBP1 2/2 mutant clones revealed that the Sca protein levels are upregulated in long cellular processes that emanate from the morphogenetic furrow ( Fig. 4A-C ). These processes correspond to actin rich filopodia, that regulate the trafficking and exocytosis of vesicles containing Sca several cell diameters away from the morphogenetic furrow (Chou and Chien, 2002) . Similarly, we also observe an accumulation of Sca in the sensory organ precursors of the thoracic mechanosensory lineages ( Fig. 4D-G) . Hence, the lateral inhibition phenotype that we observe in the absence of dEHBP1 is likely to be caused by a defect in Sca trafficking.
To test if dEHBP1 and sca function in the same pathway, we quantified the number of Sens positive R8 photoreceptors that emerge in the absence of only sca, only dEHBP1, or in the absence of both dEHBP1 and sca. We compared the number of R8 precursors in mutant clones with the corresponding heterozygous control tissue. The phenotype of single and double mutants are indistinguishable from each other, suggesting that the loss of dEHBP1 is equivalent to loss of function of sca ( Fig. 4H-P) . It is therefore likely that the loss of dEHBP1 causes a loss of sca function, even though the levels of Sca protein are upregulated.
The accumulation of Sca upon loss of dEHBP1 may represent either a defect in exocytosis of Sca from the R8 cells or a defect in endocytosis of Sca in neighboring cells. To examine whether exocytosis or endocytosis of Sca are defective in dEHBP1 mutant cells, we performed a series of experiments. In the first set of experiments, we overexpressed Sca-GFP in developing wild-type or dEHBP1 mutant photoreceptors (Newsome et al., 2000) . We assessed the abundance of the extracellular portion of Sca-GFP and observed that more extracellular Sca-GFP is present in wildtype than in dEHBP1 mutant eye imaginal discs ( Fig. 5A-E) . Thus, loss of dEHBP1 impairs the abundance of extracellular Sca.
To further corroborate our results, we performed RNAimediated knockdown of dEHBP1 in S2 cells which were subsequently transfected transiently with Sca-V5His. Under normal conditions, Sca is secreted in the culture medium (Lee et al., 1996) . We reasoned that if dEHBP1 controls the secretion of Sca, then reduction of dEHBP1 will result in intracellular retention of Sca and consequently, higher levels of intracellular Sca will be detected by western blot analysis. Indeed, we observed that reduction of dEHBP1 results increased Sca intracellular levels (Fig. 5F ), suggesting that upon reduction of dEHBP1, Sca secretion is impaired. Finally, we took advantage of the fact that Sca acts as an extracellular antagonist of Notch signaling at the wing margin (Lee et al., 2000) . As described previously for untagged Sca, overexpression of Sca-GFP in wild-type, positively marked, MARCM clones that abut the dorsoventral (D/V) boundary of wing imaginal discs disrupts Notch signaling and interrupts the stripe of expression of the transcription factor Cut (Fig. 5G-H) . However, overexpression of Sca-GFP in dEHBP1 mutant clones has no effect on the expression of Cut at the D/V boundary ( Fig. 5I-J) . Therefore, dEHBP1 is required for the negative function of Sca-GFP upon Notch signaling at the D/V boundary of the wing imaginal discs.
In summary, we propose that dEHBP1 regulates secretion of Sca during the development of R8 photoreceptors. In the absence of dEHBP1, Sca positive vesicles are allowed to travel towards the exocytic sites, where they fail to be secreted and accumulate intracellularly.
dEHBP1 acts at a late step of exocytosis of Sca
The role of actin in the development of single R8 photoreceptor (Legent et al., 2012) raised the possibility that the multiple R8 phenotype upon loss of dEHBP1 may be due to the disruption of the actin cytoskeleton. However, F-actin appears normal in dEHBP1 2/2 tissue, suggesting that in the absence of dEHBP1, the actin cytoskeleton is not disrupted (Fig. 6A-D) .
The severe upregulation of Sca in filopodia in developing eye imaginal discs prompted us to determine the nature of the vesicular compartment. To estimate the integrity and abundance of various subcellular compartments, we analyzed the distribution and levels of various markers, such as VAP33 (endoplasmatic reticulum), Rab1 (Golgi), GM130 (Golgi), Syx16 (Golgi), Aftiphilin (Golgi), Rab5 (early endosomes), Hrs (multivesicular bodies), Rab11 (recycling endosomes), Spi (late endosomes), Vps16 (late endosomes) and Rab7 (late endosomes) (supplementary material Fig. S3 ). With the exception of the Golgi markers Syx16 and GM130, which accumulate in cells that are located posterior to the morphogenetic furrow and thereby, have arisen at earlier stages of development, we failed to observe an aberrant distribution of any other markers in dEHBP1 mutant clones (supplementary material Fig. S3 ). These data suggest that loss of dEHBP1 does not result in any overt perturbations of subcellular organization at the morphogenic furrow where lateral inhibition is happening.
Despite the partial localization of Sca with Rab7 in both wildtype and mutant tissue (arrowheads in supplementary material Fig. S3H-I ), as proposed previously (Li et al., 2003) , we observe that the majority of Sca, does not colocalize with any of the aforementioned markers. It was recently shown that depletion of the AP-1 clathrin adaptor complex at the morphogenetic furrow leads to an intracellular accumulation of Sca, accompanied by a loss of function of Notch signaling phenotype (Kametaka et al., 2012) , suggesting that the AP-1 complex is responsible for trafficking of Sca. The accumulation of Sca upon either knockdown of AP-1 activity (Kametaka et al., 2012) (Fig. 6J ) or in the absence of dEHBP1 (Fig. 4A,C ; supplementary material Fig. S3 ) raised the possibility that AP-1 complex and dEHBP1 may function together in Sca exocytosis. To address this hypothesis, we asked whether dEHBP1 interacts and colocalizes with AP-1c, the gamma subunit of the AP-1 complex. We could not detect any co-localization between dEHBP1 and AP-1c in developing eye discs by immunofluorescent experiments (data not shown). Neither were we able to detect any physical interaction between Sca or AP-47 (the m subunit of the AP-1 complex) with dEHBP1 in coimmunoprecipitation experiments from whole cell protein extracts of transiently transfected S2 cells (data not shown).
We then asked whether the subcellular localization of AP-1c and dEHBP1 are interdependent. We find that AP-1c co-localizes with Sca in both mutant dEHBP1 and wild-type neighboring tissue to the same extent (Fig. 6E-G) . Importantly, the absence of dEHBP1 is accompanied by an accumulation of AP-1c along with the Sca accumulation, thus placing dEHBP1 at a later step in the trafficking of AP-1c-Sca vesicles. Indeed, a reduction of AP-1 activity via RNAi-mediated knockdown of AP-1s results in accumulation of Scabrous but it does not affect the localization of dEHBP1 (Fig. 6K-N) . These observations further support the notion that dEHBP1 is critical for exocytosis of Sca at a later step than AP-1c.
dEHBP1 contains a calponin homology (CH) domain, which is classified as an actin binding domain (Korenbaum and Rivero, 2002) . In addition, dEHBP1 is enriched at the actin rich cellular interphase in asymmetrically dividing sensory organ precursor cells (Giagtzoglou et al., 2012) . We therefore tested whether endogenous dEHBP1 co-localizes with F-actin in photoreceptors cells using LifeAct-EGFP, expressed under the control of neur-GAL4 to specifically label F-Actin in these cells. Upon closer examination of the endogenous pattern of dEHBP1 in the developing eye, we observe that dEHBP1 colocalizes with actin, as visualized by LifeAct-EGFP (Fig. 7A-C) . Furthermore, dEHBP1 mostly localizes near the plasma membrane, marked by the neuronal membrane antigen HRP or the lateral membrane marker Fas-III, in the developing photoreceptor neurons (Fig. 7D-G) . These results suggest that dEHBP1 functions at the plasma membrane at a late step of exocytosis of Sca/AP-1c vesicles, trafficked along the actin cytoskeleton (Fig. 7H) .
Discussion dEHBP1 is a context-dependent regulator of Notch signaling
By examining several distinct developmental events that are known to depend on Notch signaling, we show that dEHBP1 is a context dependent regulator of Notch signaling. dEHBP1 does not affect wing margin formation, ovary development or proneural enhancement of the Ato stripe of expression at the morphogenetic furrow. However, dEHBP1 regulates the singling of External Sensory Organ precursors in developing thoracic epithelia (data not shown) and of R8 photoreceptors in the eye imaginal discs of Drosophila (Figs 2, 4) . Hence, dEHBP1 regulates Notch signaling in at least two different developmental contexts, i.e. asymmetric divisions of the mechanosensory lineages (Giagtzoglou et al., 2012) and during lateral inhibition of the R8 photoreceptors (this study). Importantly, our data reveal that dEHBP1 regulates Notch signaling in these two instances by regulating different substrates, i.e. exocytosis of Dl and trafficking of Sca, respectively. Although we cannot exclude a role of dEHBP1 in the endocytosis of Scabrous in signal receiving cells, our data suggest that dEHBP1 is required for the exocytosis of Sca from signal sending cells.
Intracellular trafficking pathways establish multiple layers of regulation within Notch signaling pathway
The identification of numerous intracellular trafficking regulators within the Notch signaling signifies the importance of intracellular trafficking in controlling the efficacy and robustness of signaling output. Furthermore, the plethora of different context dependent intracellular trafficking regulators provides evidence that different modes of intercellular signaling rely on distinct intracellular trafficking pathways. For example, although endocytosis of Notch ligands always appears to rely on the activity of dynamin, it is not always dependent clathrin and auxillin (Banks et al., 2011; Windler and Bilder, 2010) . Similarly, endosomal recycling of Notch ligands, controlled by rab11 and its effector, sec15, is required for the development of asymmetrically dividing mechanosensory lineages (Benhra et al., 2010; Emery et al., 2005; Jafar-Nejad et al., 2005) , but not during photoreceptor development or ovary development (Banks et al., 2011; Mehta et al., 2005; Windler and Bilder, 2010) . Intriguingly, the role of certain intracellular trafficking regulators uncover an additional level of complexity within Notch signaling pathway. For instance, arp3 organizes the emergence of actin rich microvillae at the apical side of the pIIa/pIIb sibling cells of the asymmetrically dividing mechanosensory lineages. In the absence of arp3, Dl recycling towards this specialized microenvironment of the plasma membrane is impaired (Rajan et al., 2009 ). However, in other tissues, where Dl recycling does not play a role, as for example during development of ovaries (Windler and Bilder, 2010) or photoreceptors (Banks et al., 2011) , arp3 may regulate different aspects of Notch signaling. Similarly, our studies support the conclusion that dEHBP1 regulates Notch signaling in different developmental contexts by controlling the intracellular trafficking of different substrates, as for example Dl and Spdo during asymmetric divisions and Sca during lateral inhibition. The AP-1 complex represents another interesting case of how Notch signaling can be differentially regulated at the level of intracellular trafficking. In the thoracic mechanosensory lineages, loss of AP-1 complex activity results in a gain of function of Notch signaling, because it results in retention of Spdo at the plasma membrane and higher Notch signaling activity (Benhra et al., 2011) . However, loss of function of the AP-1 complex activity results in loss of function of Notch signaling in developing photoreceptors, as it regulates trafficking of Sca, which has been reported to accumulate intracellularly (Kametaka et al., 2012) . Based on the subcellular localization of AP-1c and Sca in dEHBP1 mutant cells as well as our inability to detect any colocalization among dEHBP1 and Sca or AP-1c (data not shown) we propose that dEHBP1 functions at a late exocytic step of Sca vesicles.
The role of intracellular trafficking and Notch signaling in adult neuronal circuits Notch signaling is utilized reiteratively during metazoan development in a plethora of processes, including proliferation, cell fate specification and apoptosis. An expanding body of evidence indicates that Notch signaling is also involved in regulation of neuronal function at both structural and functional levels. In mammals, Notch and its ligands are localized at synapses, where they regulate synaptic plasticity (Alberi et al., 2011; Dahlhaus et al., 2008; Wang et al., 2004) . In Drosophila, Notch regulates synaptic plasticity at the larval neuromuscular junction (de Bivort et al., 2009), while activation of adult olfactory neurons leads to presenilin-mediated cleavage of Notch (Lieber et al., 2011) . Notch has also been implicated in the control of sleep (Seugnet et al., 2011; Singh et al., 2011) . Finally, Notch activity is required for memory formation in Drosophila and mice (Costa et al., 2003; Ge et al., 2004; Matsuno et al., 2009; Presente et al., 2004) . Intriguingly, loss of function of sca disrupts the formation of memories for ethanol reward without disrupting apparent features of the corresponding neuronal circuitry (Kaun et al., 2011) .
Conceivably, and similarly to what is observed during development, distinct intracellular trafficking pathways may underlie the activation of Notch signaling pathway in different neuronal circuitries or different aspects of neuronal function. Therefore, context specific regulators, including arp3, AP-1c and dEHBP1, provide unique molecular handles to dissect the roles of intracellular trafficking pathways and Notch signaling in the adult brain.
Materials and Methods

Fly stocks and genetics
The following stocks were used in this study: FRT42D dEHBP1 A28 and FRT42D dEHBP1 O4 (Giagtzoglou et al., 2012) , cn sca bp2 bw (BDSC), FRT42D sca BP2 dEHBP1
O4
, eyFLP; FRT42D cl w + /CyO, eyFLP; FRT42D UbiGFP, UbxFLP; FRT42D UbiGFP, eyFLP; T(2;3)ap Xa /FRT42D cl w + ;neur-Gal4, UAS-CD8::GFP hsFLP; FRT42D tub-GAL80; tub-GAL4/TM6B, Tb, eyg-Gal UAS-GFP, UAS-sca-GFP (Chou and Chien, 2002) , UAS-LifeAct-EGFP, Vienna (VDRC) RNAi lines against AP-1s (CG5864-VDRC 107322/KK, VDRC 101356/ KK).
FRT42D dEHBP1 A28 and FRT42D dEHBP1 O4 are considered null alleles based on immunofluorescent stainings with anti-dEHBP1 as well as on similar lethal stages of homozygous and hemizygous (point mutation over corresponding chromosomal deficiency) mutants (Giagtzoglou et al., 2012) . sca BP2 is also a null allele Renaud and Simpson, 2001 ).
Flies bearing adult eyes mostly comprised by large clones of mutant dEHBP1 tissue (Fig. 1) were generated using the w eyFLP; FRT42D cl w + technique (Newsome et al., 2000) .
Constructs
The full length Sca cDNA was PCR amplified without a stop codon from MT-Sca, a gift from Dr Nick Baker, and cloned as a Not/Xba fragment in frame with V5-his composite tag into pAc-V5His B (Invitrogen). pUASTattB-LifeAct::EGFP was constructed by PCR-mediated fusion of a Kozak consensus sequence (GCCACC) and the LifeAct-EGFP sequence, which endodes the 17 a.a. peptide 'MGVADLIKKFESISKEE' (Riedl et al., 2008) , fused in frame with EGFP. PCR products were cloned into the BglII/XbaI sites of pUASTattB (Bischof et al., 2007) . After sequencing verification, this construct (pUASTattB-LifeAct-EGFP) was injected into docking sites VK37 (2nd chromosome) or VK33 (3rd chromosome) by phiC31-mediated integration to obtain transgenic flies. All constructs were verified by sequencing before use.
Antibodies, immunofluorescent stainings, confocal microscopy and imaging
The following monoclonal antibodies were provided by the Developmental Studies Hybridoma Bank (DSHB), University of Iowa, Iowa City, IA and used at following concentration: mouse anti-Notch 1:100 [(C17.9C6) (Fehon et al., 1990) ], rat anti-DE-cadherin 1:100 [DCAD2 (Oda et al., 1994) ], mouse anti-E(spl) 1:100 [mAb323 (Jennings et al., 1994) ], mouse anti-Delta 1:100 [C594.9B (Klueg et al., 1998) ], mouse anti-Scabrous 1:100 [sca1 (Lee et al., 1996) ], mouse anti-Cut 1:100 [2B10 (Blochlinger et al., 1990; Blochlinger et al., 1993) ], mouse anti Hindsight 1:100 [1G9 (Yip et al., 1997) ], and mouse anti-FasIII 1:100 [7G10 (Patel et al., 1987) ], mouse anti-Rough 1:100 [ro-62C2A8 (Kimmel et al., 1990) ], mouse anti-V5 (Invitrogen) 1:1000, Mouse anti-Actin (clone C4, MP Biomedicals LLC) 1:1000. Mouse monoclonal anti-Rab11 was purchased from by BD Biosciences and used at a dilution of 1:100 (Khodosh et al., 2006) .
The following polyclonal antibodies were used: guinea pig anti-Atonal 1:1000 (Chang et al., 2002) , rabbit dpERK 1:50 (Sigma), rabbit anti-b-galactosidase 1:1000 (Abcam), rabbit anti-GM130 1:500 (Abcam), chicken anti-GFP (Abcam) 1:500, rabbit anti-GFP (Invitrogen) 1:500, rabbit anti-Syx16 1:500 (Abcam), guinea pig anti-Senseless 1:1500 (Nolo et al., 2000) , guinea pig anti-dEHBP1 1:1500 (Giagtzoglou et al., 2012) , purified rabbit anti-AP-1c 1:100 (Benhra et al., 2011) , rabbit anti-HRP 1:500 (Jackson Immunoresearch), rabbit anti-Vap33 When the integrity of the actin cytoskeleton is challenged, as for example upon application of cytochalasin D, transfer of Sca vesicles down the actin-rich tracks is known to be perturbed (Chou and Chien, 2002) . However, we propose that actin might also affect other aspects of Notch signaling, such as the endocytosis of Sca, which might also result in defective lateral inhibition during development of R8 photoreceptors (Li et al., 2003) . In the absence of dEHBP1, Sca vesicles travel down their path but fail to exocytose, resulting in intracellular accumulation of Sca. 1:1000 (Tsuda et al., 2008) , rabbit anti-Rab5 1:500 (Abcam), rabbit anti-Rab7 (Chinchore et al., 2009) , guinea pig anti-Hrs 1:1000 (Lloyd et al., 2002) , guinea pig anti-Spinster 1:500 (Sweeney and Davis, 2002) , rabbit anti Vps16a 1:500 (Pulipparacharuvil et al., 2005) , mouse anti-Aftiphilin 1:500 (Kametaka et al., 2012) , mouse anti-Rab1 1:500 (Satoh et al., 1997) .
For immunostaining of larval eye discs, the dissected eye antennal imaginal discs were fixed in 3.7% PFA in 16PBS for 20 minutes followed by incubation with the primary antibodies in 16PBS containing 0.2% Triton X-100 (16PBT) and 5% normal goat serum for 18 hours at 4˚C. After washing with 16PBT, samples were incubated with appropriate secondary antibodies (Jackson InmunoResearch Laboratories, Inc.) at a final dilution of 1:500 for 2 hours at room temperature.
In Delta endocytosis assays, dissections of larval eye-brain tissue and their subsequent incubations with anti-Delta were performed in Schneider's medium (Invitrogen) at room temperature (RT) for 20 minutes (Le Borgne and Schweisguth, 2003) . The samples were then washed three times in Schneider's medium and fixed in 3.7% paraformaldehyde/Schneider's medium for 20 min at RT. After washing with Schneider's medium, eye imaginal discs were permeabilized in 16PBS, 0.2% Triton X-100 (16PBT) and incubated with secondary antibodies in 16PBT, 5% normal goat serum (NGS) for 2 hours at room temperature.
We find that the available monoclonal antibody against Sca does not produce reliable results in our assays for the assessment of steady state levels of extracellular Sca, as initially suggested (Lee et al., 1996) , despite its usage for similar purposes in later studies (Chou and Chien, 2002; Kametaka et al., 2012) . Therefore, to estimate the steady state levels of exocytosis of Sca in vivo, we performed the following experiment.
We drove the overexpression of the Sca-GFP fusion protein with neur-Gal4 in larval photoreceptors and their precursors, in an either wild-type or a dEHBP1 mutant genetic background using the UAS/GAL4 system (Brand and Perrimon, 1993) . Larval eye brain complexes were dissected under non-permeabilizing conditions in Schneider's medium. After exchanging the dissection media with fresh, cold Schneider's medium, larval eye-brain complexes were immediately placed on ice to minimize endocytosis of Sca, and incubated with an excess of chicken anti-GFP antibody at a final dilution of 1:100 for 1-2 hours. After rinsing with cold Schneider's medium, we incubated the tissue samples with Cy3-conjugated secondary anti chicken antibody.
Fluorescent images were captured with a Zeiss 510 LSM confocal microscope. Image processing and quantifications were performed using ImageJ software (National Institutes of Health). To avoid any background noise and achieve precise measurements of the abundance of extracellular Sca we first split the channels in each stack of images. We then applied the Colocalization Threshold plugin, which is part of the GDSC suite of plugins, available for download along with its manual from the following website: http://www.sussex.ac.uk/gdsc/intranet/microscopy/ imagej/colocalisation. We retained the default values in our analysis. The fluorescence intensity levels of extracellular Sca-GFP pixels (red channel) that colocalize with total ScaGFP pixels (green channel) were measured throughout the stack of confocal images automatically at the end of the process.
The colocalized pixels, which are represented in the blue channel of the output images of the aforementioned procedure were automatically thresholded using inbuilt functions. We then used the inbuilt Measure Stacks plugin to quantify throughout the whole 3D stack of images the average mean pixel intensity of colocalized pixels in a randomly demarcated 2566256 pixel region of interest (ROI) behind the morphogenetic furrow. The results of our analysis reflect the abundance of extracellular Sca-GFP, shown in Fig. 5E as 'ex.Sca'. We calculated the levels of total Sca-GFP in the green channel through the stack of confocal images using 'Measure Stacks' inbuilt plugin, and the results are now shown in Fig. 5E as 'total Sca'. The axis in Fig. 5E is labeled as 'fluorescence intensity of Sca-GFP levels'.
Final image sets were assembled in Adobe Photoshop 7.0 (Adobe systems) and Canvas X software (ACDSee Products). Scale bars correspond to 10 nm, unless otherwise indicated.
Statistical tests were performed using GraphPad Prism 3.0 software (GraphPad Software). Hypothesis testing was based on Student's t-test between two groups (two tailed, unequal variance, statistically significant for P,0.05), as for example in the case of the abundance of extracellular Sca in Fig. 5 or the number of Sens R8 cells between homozygous and heterozygous tissue in Fig. 4 , or on a KruskalWallis test (non parametric ANOVA) followed by Dunn's multiple comparison test among all groups with one control group, namely the dEHBP14 O4 heterozygous tissue in Fig. 4 (statistically significant for P,0.05).
RNAi treatment of S2 cells
RNAi treatment of S2 cells was performed by modification of standard methods (Ramadan et al., 2007) .
For generation of dsRNA, we designed primers targeting three different regions of dEHBP1, all bearing T7 promoter sequences at their 59 end. For comparison, one primer pair targets the region that dsRNA from Vienna Drosophila RNAi Center has been designed against. As a control, RNAi against luciferase was designed. Sequences are available upon request. dsRNA were generated and purified using Megascript RNAi kit (Ambion) following the manufacturer's instructions.
Briefly, S2 cells were seeded at a concentration of 10 6 cells/ml in 12-well plates. Each well containing 1 ml of cell culture in Schneider's medium (Invitrogen), supplemented with 10% heat inactivated and filter sterilized Fetal Bovine Serum (Invitrogen), as well as a cocktail of Penicillin and Streptomycin antibiotics (Invitrogen). The following day, we performed RNAi treatment of S2 cells in triplicates following the bathing protocol, without however removing the serum from the media. We added ,9 mg of purified dsRNA to 10 6 S2 cells and incubated them overnight. On the third day, we transfected all cells with pAc-Sca-V5His using Effectene transfection reagent (Qiagen) and according to manufacturer's instructions. S2 cells were harvested 48 hours after transfection. After centrifugation at room temperature at 3000 rpm for 29, cells were washed from remnants of supernatant medium by resuspension in 16PBS. S2 cells were then centrifuged as above, resuspendend in 100 ml/10 6 cells of lysis buffer (50 mM TrisHCl pH 7.5, 150 mM NaCl, 5% glycerol, 0.5% NP-40, 1 mM DTT) and incubated on ice for 30 minutes. After a final centrifugation at 15,000 rpm at 4˚C for 5 min, the supernatant was kept for western blot analysis of intracellular Sca-V5His. Actin served as a loading control of the extracts. The whole experiment was repeated three times.
